The mechanisms mediating impaired motion perception in glaucoma were investigated. Direction discrimination thresholds for low (4.2 deg/sec) and high (12.5 deg/sec) velocity random-dot kinematograms were measured in controls and patients with glaucoma or ocular hypertension. Thresholds were elevated significantly in glaucoma patients and individual ocular hypertensives. Threshold elevations were not due to blur or pupil size. After compensating for motion reversals, high but not low velocity thresholds remained elevated. Only high velocity thresholds correlated with differential luminance sensitivity. A hypothesis that different mechanisms mediate glaucoma-induced deficits at high and low velocities is presented.
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Primary open angle glaucoma (POAG) is a slowly progressive anterior optic neuropathy. Visual impairment in POAG results from damage to, and eventual destruction of, the retinal ganglion cells (RGCs) and the optic nerve (Caprioli, 1989) . POAG-induced RGC damage occurs over a protracted period (often years) and appears to be due to an increase of intraocular pressure (IOP) to an intolerable level. However, IOP measurement alone is inadequate for predicting who will develop this disease because there is considerable variability in the IOP level necessary to produce RGC damage. While POAG eventually causes massive cell loss affecting all RGC subtypes, degeneration does not proceed uniformly. Histologic studies of neuronal degeneration in POAG, including analysis of atrophy in the optic nerve and lateral geniculate nucleus (Quigley, Dunkelberger & Green, 1989; Quigley, Sanchez, Dunkelberger, L'Hernault & Baginski, 1987; Pickford, Brandt & Sadun, 199 I; Dandona, Hendrickson & Quigley, 1991 ) demonstrate widespread neuronal degeneration including a disproportionate loss of the larger RGC fibers. RGC damage in POAG occurs prior to the evolution of visual field defects that can be detected by either manual (Quigley, Hohman, Addicks, Massof & Green, 1983; Quigley, Addicks & Green, 1982) (Trick, 1985 (Trick, , 1986 and motion discrimination (Silverman, Trick & Hart, 1990; Fitzke, Poinoosawny, Ernst & Hitchings, 1987; Drum, Breton, Massof, Quigley, Krupin, Leight, Mangat-Rai & O'Leary, 1987; Drum, Quigley & Roros, 1989a; Drum, Severns, O'Leary, Massof, Quigley, Breton & Krupin, 1989b ) deficits precede detectable visual field defects in many POAG patients as well as some patients suspected to be at risk of developing POAG (i.e. patients with ocular hypertension).
Although the pathophysiologic basis of these visual deficits remains equivocal, studies of visual loss in POAG clearly indicate that glaucoma-induced RGC damage disrupts the temporal interactions involved in many visual functions. The temporal properties of visual resolution appear to be particularly susceptible to glaucoma-induced damage. The ability to discriminate object motion is a fundamental visual capability involved in many of the complex tasks performed by the visual system. In a general sense, motion perception refers to the ability to detect a directional component (either real or apparent) in a visual stimulus. The physiological mechanisms mediating motion perception must resolve this directional component from local or global variations in the brightness (or color) of the retinal image that occur over time. Motion perception is critical for guiding visual behavior because objects in physical space generally change relative position due to either their own or the observer's motion.
Although motion perception has an obvious survival value, there has been relatively limited 206  OHT  57  Female  617.5  26  270  OHT  61  Male  616  26  214  OHT  48  Female  616  30  214  OHT  55  Female  617.5  27  219  OHT  51  Female  616  28  207  OHT  50  Female  616  28  278  OHT  59  Male  616  39  220  OHT  63  Female  616  22  217  OHT  55  Female  616  24  215  OHT  55  Male  616  32  282  OHT  57  Male  616  27 Fitzke ef al., 1987; non-linear interaction (e.g. correlation) . The asynchrony Drum et al., 1987 Drum et al., , 1989a to a specific (preferred) direction when the stimulus is displaced in the direction to which the unit is tuned. Output from a series of local motion detectors then forms the input for a mechanism mediating widefield (global) motion sensitivity. This mechanism also is modeled as a non-linear process since it executes a facilitory interaction between local elements tuned to a common direction and an inhibitory interaction for local elements tuned to different directions.
Using this knowledge of the organization of the neural mechanisms necessary to process motion information, it may be possible to determine how disorganization in these neural networks can produce the motion perception deficits that are characteristic of glaucoma and other visual disorders. The principal goal of this investigation was to further delineate the mechanistic basis of the motion perception deficits in POAG.
In order to determine whether a history of elevated IOP without evidence of clinically detectable RGC degeneration is sufficient to alter global motion sensitivity, patients with ocular hypertension (OHT) also were studied.
METHODS
Seventeen patients with POAG and 16 patients with OHT were recruited from the glaucoma service of the Department of Ophthalmology, MaisonneuveRosemont Hospital in Montreal. The clinical characteristics of these patients are presented in Table 1 . Fourteen visually normal individuals recruited from the local community served as control subjects. Each subject received a comprehensive ophthalmologic evaluation and only those meeting the inclusion criteria were enrolled in the study (Table 2 ). Each OHT patient had a documented history of elevated IOP and a negative history of visual field loss. OHT and POAG patients were required to have open angles (by gonioscopy) and the POAG patients had no evidence of secondary glaucoma (e.g. peripheral anterior synechias or contusion angle deformity). No restrictions were placed on patient forced-choice procedure with threshold set at 62.5% correct which is one-half the distance between chance performance (25%) and 100% correct. Since the Motion Plane analysis is a two-alternative forced-choice procedure the threshold was set at 75% correct which is one-half the distance between chance performance (50%) and 100% correct. If the incorrect judgments in the fouralternative procedure are randomly distributed, an identical threshold should be obtained in the two-alternative procedure (solid lines). However, if the incorrect judgments in the four-alternative procedure are not randomly distributed but include a greater than chance level of motion reversals, then the two-alternative procedure will yield a threshold that is significantly lower (dashed lines) and the difference (shaded area) indicates the magnitude of this effect. medications or surgical history for glaucoma but no aphakic or pseudophakic eyes were included. The average age of the POAG group (66.2 f 7.01 yr) was not significantly different (P > 0.25) from the control group (61.9 + 11.9 yr). However, the patients with OHT (57 f 7.4 yr) were significantly younger (P < 0.02) than the POAG group (66.2 f 7.01 yr) but not significantly different in age (P = 0.21) from the control group. For control studies of the effect of blur and pupil size on motion thresholds, three visually normal adult volunteers (mean age = 30.7 yr) were tested.
Random-dot kinematograms, generated using the image in the animated sequence were plotted at a fixed spatial offset relative to the preceding image. A selected percentage of the dots was displaced in one cardinal direction (coherent motion signal) while the remainder was displaced in random directions (noise). A method of constant stimuli was employed using six graded strengths of apparent motion that were created by varying the percentage of dots moving coherently (I%, 6%, 12%, 20%, 29% and 40% coherence). In each of a total of 120 trials the subject was required to indicate the direction of apparent motion using one of four possible alternatives (up, down, right or left). Therefore, the task always was a four-alternative forcedchoice procedure.
The subjects were seated in a darkened room, positioned in a chinrest and viewed the monitor monocularly with the other eye covered by a patch. Trial lenses were used to optically correct each subject for the 28 cm test distance. Testing was initiated after the direction discrimination task was explained and following a series of training trials with high coherence (40%) stimuli. The order in which the three test conditions (two at low velocity and one at high velocity) were presented was chosen at random. (up, down, right, left) with threshold set at 62.5% correct. In order to assess the contribution of errors resulting from motion reversals (the perceived direction of motion being exactly opposite to the directional component in the stimulus, i.e. antithetical motion), results were re-analyzed using a Motion Plane analysis.
In this analysis, responses were considered to be correct if they were in the plane of motion (horizontal or vertical) regardless of the cardinal direction in which the signal dots were displaced. The intent of this analysis was to evaluate the possibility that direction discrimination thresholds in patients with glaucomatous optic neuropathy were elevated because the patients systematically reported the motion to be in a Log % Coherence FIGURE 2. The mean (+ 1 SD) direction discrimination thresholds (in log% coherence) are presented for each test condition and each subject group. Thresholds were computed using the Cardinal Direction and Motion Plane analyses (see Fig. 1 ). Mean log thresholds which were significantly different from the thresholds of the control group for the corresponding condition are indicated by asterisks (*P < 0.05: **P < 0.01). by the mean deviation (MD), pattern standard deviation (PSD) and corrected pattern standard deviation (PSD). The MD is the weighted average of the difference at each test point between the patient's sensitivity and the normal sensitivity value for a person of that age. The weighting factor in this case is a function of the normal variance at each location. PSD is derived from MD and is based upon the expected difference between test points assuming a normal "hill of vision". Therefore, PSD is lower in fields where all points are equally abnormal than in fields where localized defects are evident. CPSD is an adjust- Results for each test condition and each method of analysis are included. *P < 0.05; tP < 0.01; $P < 0.001. ment of PSD that takes into account the reproducibility of threshold values at the 10 discrete points retested in each examination.
Specifically, for the 30-2 program CPSD2 = (PSD)2 -1.28(SF)'. Like PSD, CPSD is more sensitive to localized defects than diffuse reductions in sensitivity. Linear regression analysis was used to investigate the relationship between differential luminance sensitivity and motion detection thresholds obtained from both the Cardinal Direction and the Motion Plane analyses.
RESULTS
Cardinal Direction analysis
Mean log thresholds were calculated for the control group, POAG patients and OHT patients taking into account each of the four possible directions of apparent motion (Fig. 2) . This analysis revealed that the mean of the log thresholds for the POAG patients was significantly greater than the mean log threshold for the control subjects' (two-factor repeated measures ANOVA, F = 6.453, P = 0.017). Post-hoc analysis of the results revealed significant threshold elevations for each test condition (Fig. 2) . A similar comparison between OHT patients and control subjects (Fig. 2) did not reveal a significant threshold elevation (two-factor repeated measures ANOVA, F = 0.838, P = 0.05) in the OHT group.
In the glaucoma group, 13 of 17 patients (76.5%) exhibited significant threshold elevations (above the 95% confidence limit for control subjects) for at least one test condition.
Twelve of the 13 glaucoma patients with motion deficits exhibited threshold elevations for the 12.5 deg/sec test condition but threshold elevations also were frequently detected with both of the 4.2 deg/sec conditions (Table 3) . 43.8% the OHT patients exhibited significant threshold elevations for at least one test condition, and these were detected most frequently with the 15.6% contrast, 4.2 deg/sec condition (Table 3) .
Motion Plane analysis
This two-alternative analysis was conducted to evaluate the contribution of motion reversals to the motion perception deficits detected in these patients. Responses that were either in the same direction as dot motion or antithetical to the direction of dot motion were accepted as correct. In other words, responses were accepted as correct if they were in the appropriate plane regardless of whether they were in opposing cardinal directions (i.e. horizontal = right or left; vertical = up or down). In the absence of systematic motion reversals, this procedure would yield the same threshold as the Cardinal Direction analysis (Fig. 1) . However, this was not the case. Instead, the mean log motion thresholds of the POAG patients were lower in the Motion Plane analysis than in the Cardinal Direction analysis. This difference was statistically significant for both low velocity conditions (P < 0.005 and P < 0.001 for 41.3% and 15.6% contrast respectively)
but not for the high velocity condition (P > 0.05). The mean log motion thresholds of the controls also were lower in the Motion Plane analysis than in the Cardinal Direction analysis, but this difference was not statistically significant (P > 0.05). Consequently, when the Motion Plane analysis was used to Blur (diopters) no significant between group difference was evident (F = 3.038, P > 0.05). A post-hoc analysis of the motion plane data indicated no significant difference between glaucoma patients and controls with low velocity random-dot kinematograms (at either contrast level). However, the mean log threshold for the high velocity condition was significantly higher in the POAG patients than in the controls (Fig. 2) . This result suggests that motion reversals largely accounted for the low velocity motion misperceptions of the glaucoma patients. Motion reversals also may have contributed to the high velocity motion deficit, but they did not fully account for the abnormality detected in this condition. As was the case for the Cardinal Direction analysis, no significant difference between controls and OHT patients was evident in the Motion Plane analysis (P > 0.05).
Correlations with d@erential luminance sensitivity
Linear regression analysis revealed no significant relationship between any of the indices of global differential luminance sensitivity (i.e. MD, PSD or CPSD) and motion thresholds obtained with low velocity stimuli. This was true for both contrast levels and for both the Cardinal Direction and the Motion Plane analyses (Table 4) 
Test Conditions
FIGURE 5. The variance in mean direction discrimination threshold (in % coherence) with pupil size is shown for each of the three test conditions.
With natural pupils the average pupil diameter was 4.5 mm. The artificial pupil was an opaque contact lens with a 1 mm central aperture.
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only thresholds obtained in the Motion Plane analysis also correlated (P < 0.05) with PSD and CPSD (Table  4 ). In each of the cases where there was a significant correlation between motion threshold and differential luminance sensitivity, the linear regression analysis indicated that motion threshold increased by 1.0-l .5% coherence per 1 .O dB reduction in luminance sensitivity (e.g. Fig. 3 ).
Blur and pupil size
The quality of the ocular media in glaucoma patients and suspects can be degraded relative to age-matched controls while pupil size also may differ between patients and controls.
To rule out a confounding influence of optical factors on the motion thresholds measured in this study, three adult volunteers were studied. Varying degrees of image blur were introduced with trial lenses ofdifferentpowers(0.0, +2.0, +4.0, +6.0and +S.OD). The order of testing was randomized.
Optically induced blur of 4 D or less had little effect on motion thresholds (Fig. 4) . Blur of +6 D or more, however, produced a significant increase in thresholds for the low contrast conditions (Fig. 4) . To examine the possible influence of pupil size on the results of this study, the same three subjects were tested with natural pupils (mean diameter = 4.5 mm) and while wearing opaque contact lenses with 1 mm artificial pupils. Despite a reduction in pupil area (and consequently retinal illuminance) by a factor of 20, motion thresholds were not reduced significantly (Fig. 5) .
DISCUSSION
The results of this study indicate that direction discrimination thresholds are elevated significantly in POAG (Fig. 2) . This is true for both high and low velocity conditions. Over 75% of the glaucoma patients exhibited motion deficits. These deficits were most frequently detected with the high velocity condition (70.6% of patients), but a majority of the POAG group also exhibited significant deficits with the lower velocity stimuli. Motion discrimination deficits also were detected in some individual OHT patients, but thresholds were not elevated significantly in the OHT group. Prospective studies will be necessary to determine whether the motion sensitivity deficits in OHT patients are signs of early (pre-clinical) RGC degeneration. However, the present results suggest that a history of elevated IOP without evidence of clinically detectable RGC degeneration generally is not sufficient to cause a significant reduction in global motion sensitivity. Although motion thresholds for both high and low velocity random-dot kinematograms were significantly elevated, a difference between the results for the two velocities was noted. Direction discrimination thresholds were correlated with the extent of visual field loss, but this is only true for the higher velocity. In addition, the low velocity motion misperceptions were principally due to motion reversals in which the direction of motion was reported to be antithetical to the stimulus at a greater than chance level. While this type of motion misperception may have contributed to the deficit at high velocity it only partially accounted for the observed deficit. This is not the first study to document motion perception deficits in POAG.
Fitzke et al. (1987) , found significant elevations in peripheral displacement thresholds among POAG and OHT patients. Drum et al. (1987, 1989a, b) found that glaucoma patients and suspects have significant impairments in the ability to detect form from motion on a perimetric pattern discrimination test. Silverman et al. (1990) demonstrated that glaucoma patients, as well as some OHT patients at high risk of developing POAG, exhibited elevated thresholds for detecting apparent motion in random-dot kinematograms.
The present results confirm these observations by again demonstrating the presence of significant motion sensitivity deficits in glaucoma patients.
The present results also extend previous observations by demonstrating that the motion perception deficit in glaucomatous optic neuropathy is unlikely to be the result of optical degradation associated with such factors as refractive error (blur), scatter (contrast reduction) or miosis (reduction in retinal illuminance).
We found that motion thresholds measured with this technique were not affected by either up to 4 D of optical blur or a four-fold reduction in pupil diameter. Furthermore, the three-fold increase in contrast (15.6-41.3%) used with the 4.2 deg/sec test condition, resulted in no significant change in motion threshold for the control group in either the Cardinal Direction analysis (t = 0.645, P = 0.53) or the Motion Plane analysis (t = 0.322, P = 0.75). Thus, random-dot kinematographic stimuli appear to be very resistant to changes in stimulus characteristics (blur, contrast, luminance) that can result from degrading the quality of the ocular media and which are known to adversely affect some other types of visual performance (e.g. contrast sensitivity, color vision). The resistance of the random-dot kinematogram technique to these factors could enhance its clinical value.
A variety of different functional deficits can be detected in patients with POAG and the clinical utility of monitoring particular visual functions with specific tests has been examined in many different studies (Stamper, 1989; Atkin ef al., 1979 Atkin ef al., , 1980 Trick, 1985 Trick, , 1986 ). Relatively few studies have explored the issue of how glaucoma produces these visual impairments.
The glaucoma-induced alterations in the neural mechanisms encoding motion perception have not been fully defined. The present results directly address this point. The difference between the results obtained with the Cardinal Direction and Motion Plane analyses indicates that the glaucoma patients reported motion in an antithetical direction at a rate significantly above chance. The ability to detect motion requires a series of non-symmetric inputs that interact non-linearly (Borst & Egelhaff, 1989) , while the ability to unequivocally discriminate the direction of motion also depends upon the spatial sampling of the motion detectors (Colleta, Williams & 
